In this study, a thermal and electrical coupled device solver is developed to simulate the energy transfer mechanism within a GaN FET with a gate length of 0.2 mm. The simulation simultaneously solves a set of hydrodynamic equations (derived from the Boltzmann Transport Equation) and the Poisson equation for electron, optical phonon and acoustic phonon energies, electron number density, electric field and electric potential. This approach has been previously established for gallium arsenide (GaAs) devices [36, 37] , but has not been extended to GaN due to the lack of readily available property values for GaN devices that are required. Via extensive literature study, high-fidelity properties for GaN were collected in analytical forms with respect to many dependencies, e.g. lattice temperature, electrical field, electron number density, doping rate, defects rate. These properties are then implemented into the developed code to provide a high accuracy sub-micron GaN device simulation.
INTRODUCTION
Gallium nitride (GaN) structures have outstanding electronic properties. GaN devices operate at higher voltages, higher frequencies, and higher power densities than other devices due to its inherently high critical electric field, electron mobility, and electron saturation velocity. However, the relatively poor thermal conductivity of GaN and higher heat flux operation make thermal management an issue. Moreover, in sub-micron sized GaN devices, interactions between the electrical and thermal properties become significant due to the strong electron-phonon coupling near the device junction. Therefore, in order to accurately simulate the electrical or thermal performance of a GaN device, the thermal and electrical governing equations need to be solved concurrently.
The thermal energy transfer mechanism near the junction in GaN devices is via scattering of hot electrons with longitudinal optical (LO) phonons, followed by LO-phonon decay to longitudinal acoustic (LA) phonons, which ultimately transport the heat through the substrate. Dissipation of the heat is dominated by the lifetime of LO-phonon. The LO-phonon lifetime is related to electron density, hot electron temperature, and supplied electric power. The strong coupling of electrical and thermal characteristics suggests that GaN properties need to be expressed with many dependencies.
On the device simulation side, most commercially available simulators have been developed over two decades based on Si and GaAs. In the past, the power densities of the devices were not high enough to cause the thermal characteristics to interfere strongly with the electrical behavior. Therefore, the drift-diffusion model was sufficient, which assumes constant temperature while calculating the electrons and holes transport rates. Material properties were also simplified since they were independent of the thermal characteristics.
Temperature change was calculated independently using the Fourier's law of heat conduction. These assumptions are no longer valid with the advent of the high-power devices. At high power densities the thermal and electrical characteristics depend on each other and must be treated as a coupled problem.
The aim of this study is to consider the nonequlibrium nature of the electrons and the phonons and demonstrate the appropriate thermal and electrical characteristics in submicron FETs. We choose MESFET made of GaN for our study due to its simple structure and representation in the signal processing and communication device families.
In section 3, the governing equations of the nonequilibrium semiconductor devices are discussed. Section 4 shows the material properties study. Section 5 discusses the computational method of this work, and Section 6 discusses the results. Finally, Section 7 states the conclusions.
NOMENCLATURE

Cp
Bulk material heat capacity, J/kg-K
A Cp
Acoustic phonon heat capacity, J/kg-K
LO
Cp
Optical phonon heat capacity, J/kg-K 
GOVERNING EQUATIONS
The Boltzmann's transport equation (BTE) is valid for general inhomogeneous materials with arbitrary band structure [1] . To solve this equation numerically by discretization of the differential and integral operators in seven-dimensional space is computationally very expensive. A widely used numerical method for solving the BTE is the Monte Carlo (MC) method. This method has been proven to give accurate results, but is still computationally expensive. A good engineering-oriented approach is to transform the BTE into a macroscopic transport model as long as meaningful expressions of electron transport in terms of average electron velocity and effective electron temperature are valid. Blotekjaer (1970) derived conservation equations by taking the moments of the BTE using the weight functions without imposing any assumptions on the form of the distribution function. The resulting equations represent the electron charge, momentum, and energy conservation, respectively [2] . They are
where n is the electron number density, v  The last terms in the equations are collision terms. A macroscopic relaxation time approximation is employed to model the collisions as [2] . A discussion on this approximation is given in [3] . For example, Eq. (6) represents that the electron generation, recombination, and impact ionization in this article are neglected for simplicity. The electron momentum conservation Eq. (2) is the analog of the momentum equation of the Navier-Stokes equations for fluid flow. The driving forces in Eq. (2) are the electric field, the electron number density, and the electron pressure (a.k.a temperature gradients), while the drag force is electron-phonon collision.
For the heat flow vector Q  is Eq. (5), the Fourier law is applied,
where e k is the electron thermal conductivity. The Fourier law may not be the best way to get a close form. A more accurate method is to consider the third moment of the BTE. But more unknown microscale coefficients such as the relaxation times will be introduced. Under a high electric field E > 20 kV/cm, the electrons become energetic enough to produce optical phonons. They first lose energy to optical phonons and optical phonons decay to acoustic phonons. The process can be described using the first law of thermodynamics. The resulting energy conservation equations for optical and acoustic phonons are 
To solve the governing equations numerically, the expressions for the electron mobility, the electron drift velocity, the thermal conductivities for electron and phonons, the heat capacity for the phonons, the momentum and energy relaxation times, and the electron effective mass in GaN are required. An extensive literature study is performed to obtain all the parameters. The results are presented in the following section.
PARAMETERS Optical and acoustic phonon heat capacity
The optical phonon (Einstein) heat capacity and the acoustic phonon (Debye) heat capacity have the following definitions 
where A N is the Avogadro number, E θ is the Einstein temperature, A θ is the Debye temperature, and T is the lattice temperature.
The bulk lattice heat capacity is the sum of both the heat capacities:
The bulk heat capacity is experimentally measurable. The two components,
A
Cp and LO Cp , can be found by guessing the characteristic temperatures to fit the experimental bulk value. In Figure 1 , measurements of the bulk lattice heat capacity of the hexagonal GaN by several authors [4, 5, 6, 7, 8, 9] are displayed. Danilchenko's measurement was selected for fitting due to the broadest temperature range of 5-300K. The best fit with the accuracy of 3 % was obtained for Debye's temperature
and Einstein's temperature
. The results are shown in Figure 1 .
The agreement between the experimental data obtained by these authors for the GaN heat capacity and the fit curve based on the sum of the two components (shown as Danilcenko in Figure 1 ) is reasonable especially in the 100-700 K temperature range. In conclusion, our simulations use Eq. 6 and Eq. 7 for the optical and acoustic phonon heat capacities where
and
Electron drift velocity The electron velocity in GaN increases for low electric fields and then becomes quasi-saturated close to 20 kV/cm 10 . After this quasi-saturation, the electron velocity increases again, reaching a maximum for an electric field of 100 kV/cm and then it decreases to its saturated value of 1.2 x 10 7 cm/s. A very important difference between the high field transport model of GaN and that of other semiconductors is that in the latter, there is no quasi-saturation of the electron velocity. The quasi-saturation behavior is generally associated with the onset of optical phonon emission in nitride based semiconductors [11, 12] . In other semiconductors like Si or GaAs, the energy for optical phonon emission is much lower and the quasisaturation is not very different from the standard saturation. Some authors have also associated the early saturation of the electron velocity in AlGaN/GaN structures with hot phonon scattering [13, 14] . It is obvious that the need for a valid GaN electron transport model under high electric field is significant and literature offers both experimental and simulation data [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27] . proposed a complete analytical model for the electron mobility in wurtzite GaN. Through a series development of the parameters, the final expression for the drift velocity and the electron mobility become In a theoretical investigation [28] of the thermoelectric effects in wurtzite GaN crystals the two main contributions to the GaN thermal conductivity were evaluated. The dependence of the phonon contribution ( A k ) to the thermal conductivity on the dislocation and point defect densities has been studied in detail by Zou [29] and co-workers [30] . It has been established that the room temperature thermal conductivity in wurtzite GaN is sensitive to the dislocation line density dis N only for very large values of 2 10 10 5
At this high dislocation range the variation of the dislocation line density by two orders of magnitude can bring about a large (factor of two) variation in the thermal conductivity value. For GaN materials with lower dislocation density, the room temperature thermal conductivity is more sensitive to the concentration of point defects impurities, dopants, etc. For example, the change in the doping density can lead to a variation of A k from 1.77 W/cm-K to 0.86 W/cm-K at 300 K.
In their work they selected k from the virtual-crystal model [31] . It is well known that the A k contribution is much larger than e k for most practical situations even at very large doping densities. Eq. 29~31 are used in our device simulator. It is observed that electron number density is not among the dependencies for the thermal conductivity of the electron. However, it is shown (Liu-2005 ) that electron thermal conductivity becomes a significant contribution for the overall GaN thermal conductivity only for doping rates larger than 10 19 cm -3 . Since in our simulations the doping rates are smaller, the lack of electron number density as dependency is not a concern.
Electron effective mass Various methods were used to find the effective mass of the electron in GaN and the resulted electron effective mass considered in our device simulator for GaN is: 
Electron momentum relaxation time
The electron momentum relaxation time can be calculated from the relation [32] e m m * m τ =
(33)
Since the electron mobility is a function of electric field, electron number density and temperature (as seen in Eq. 27), the electron momentum relaxation time m τ will have the same dependencies and the analytical representation is:
m is the electron mobility described by Eq. 27.
Electron-optical phonon energy relaxation time
Electron-longitudinal optical phonon scattering rates in wurtzite GaN have been directly measured [ 33 ] by subpicosecond time-resolved Raman spectroscopy. It was found that the total electron-LO phonon scattering rate is given by electron-LO phonon scattering rate in GaN is almost one order of magnitude larger than that in GaAs. One of the possible explanations for this enormous increase of electron-LO phonon scattering rate in GaN is its much larger ionicity as reflected from the much larger LO-TO phonon splitting. In general, the strength of the electron-LO phonon coupling is set by the lattice-dipole interactions. This splitting is directly proportional to the lattice polarization, and is a measure of the effective charge. In GaAs, the LO-TO splitting is about 3 meV, while it is about 25 meV in wurtzite GaN. However, in the two-mode system of hexagonal GaN, this must be split between the two modes to compute the contribution of each of the dielectric function. This together with the much smaller dielectric constant of GaN, lead to an expected increase of a factor of 9 in the scattering strength, which is quite close to that observed experimentally. It is estimated [35] that the effective charge of GaN is about twice that of GaAs, while the dielectric constant is almost half. These two factors above would suggest a factor of 8 increase in the electron-LO phonon scattering strength. This provides a consistent interpretation of the scattering increase as due to the ionicity of GaN relative to GaAs. In conclusion, the total electron-LO phonon scattering time is: 
NUMERICAL STUDY OF A SUB-MICRON GAN MESFET
Metal-semiconductor field-effect transistors (MESFET) Figure 2 are usually made of III-V materials and commonly used in high-speed communication devices. Heat generation and transport in gallium arsenide (GaAs) MESFETs using the hydrodynamic method has been studied [36, 37] . In this work, the heat generation and transport in 2D GaN MESFET with the updated properties is presented. is used at each of the source and the drain contacts, and zero particle flux normal to the boundary is applied at the rest of the boundary. For LOphonon and acoustic phonon temperatures, constant heat transfer coefficient
is given at the top and bottom boundaries. At the rest boundaries, an adiabatic condition is applied to simulate the shoulder to shoulder chip packaging arrangement. For electron temperature, an adiabatic condition is applied to the entire boundary. Implicit timemarching scheme is applied for all five equations. The LU Decomposition Conjugate Gradient Squared (LUCGS) method is used to solve the matrix. Two time steps of 0.01 ps and 4.5 ps are used for iteration. The first time step is used at the beginning of the iteration when the electron temperature responds rapidly to the applied field. Once the electron temperature reaches a quasi-steady state with very little change, a larger time step is used. Figure 3 gives the computational results for the voltage, electric field, electron mobility and reduced electron number density in the GaN device where Vsd=10V, Vg=0V, t=17ps. Figure 3(a) shows the voltage distribution. Although there is no voltage applied to the gate contact, underneath the gate there is a narrow zone of negative potential. This is due to the Schottky barrier. It is also shown that the major voltage drop occurs at the drain side, which means higher electric field will occur in this region. This is confirmed by the plot of the electric field distribution, Figure 3 (b) . The highest electric field locates under the gate at the drain side. Figure 3(c) shows the computed profile of the electron mobility. There is a large zone of low mobility under the gate and drain. This zone coincides with the major voltage drop zone in Figure 3(a) . The physics behind this is that the strong hot-electrons and LO-phonons scattering occurring in this region due to the extremely high electric field makes the electron velocity saturate. The electron mobility model adopted here depends not only on the average energy but also on the electric field and the electron number density; therefore it prevents the velocity overshoot [1] in the non-equilibrium device.
RESULTS AND DISCUSSIONS
Figure 3(d) shows the reduced electron number density n/N D . A wide depletion zone is clearly shown under the gate. Therefore, the current channel is narrow which leads to large current density. Figure 4 shows the concurrently computed heat generation rate, electron temperature, LO-phonon temperature and acoustic phonon temperature. Figure 4 (a) shows the heat generation rate. The heat generation rate is the product of the current density and the electric field. The current density and the electric field in the gate channel at the drain side are higher; therefore the highest heat generation rate appears around the region.
Figure 4 Calculated thermal characteristics in GaN device
Figure 4 (b) shows the distribution of the electron temperature. The hot electrons appear under the gate at the drain side corresponding to the high electric field. The peak electron temperature is 1400 K. The electron temperatures in the rest of the devices remain around 300 K. Experimental measurement is needed for verification. Figure 4 (c) (d) show the LO-phonon and acoustic phonon temperatures. The highest temperature region appears under the drain. Comparing to the electron temperature, the two lattice temperatures rise much slower. For the given computing time (t=17ps), the lattice temperatures are slightly increased. It is understandable that the electrons pick up the energy much more efficient from the applied electric field than transfer the energy to the lattice. But experimental data need to be compared in the future work.
CONCLUSIONS
In this work, a 2-D hydrodynamic equations based GaN device simulator is established to capture the coupling effects of the electrical and thermal characteristics in high power GaN devices. High fidelity material properties are established from an intensive literature study. It reveals the unique electron transfer feature in GaN. Future work includes validate the simulator with broad experimental data, improve the computational efficiency, and discover more effective ways of heat removal 
